Fourier transform infrared ͑FTIR͒ absorption spectra and photoluminescence ͑PL͒ spectra for PbSe 0.78 Te 0.22 and Pb 0.95 Sn 0.05 Se 0.80 Te 0.20 layers grown by liquid phase epitaxy on (100) BaF 2 substrates are reported. FTIR absorption edges varied from 213 to 275 meV ͑between 4 and 300 K͒ for the ternary alloy and from 118 to 200 meV ͑between 10 and 300 K͒ for the quaternary alloy. PL energies were 174 meV at 5 keV for the ternary alloy and 100 meV at 7.1 K for the quaternary alloy. The differences between the low temperature FTIR absorption edge energies and the PL energies are attributed to the Burstein-Moss effect. © 1995 American Institute of Physics.
The band gap energies of IV-VI semiconductors, which have direct gaps at the L point in the Brillouin zone, range from 0 to 0.4 eV. Because the band gaps depend strongly on temperature, lasers made from these materials exhibit large tuning ranges, 1 making them uniquely suited for high resolution molecular spectroscopy applications. 2 Efforts to improve IV-VI semiconductor laser performance ͑i.e., mode stability and maximum operating temperatures͒, however, have been hindered by the high cost and limited availability of IV-VI semiconductor substrates. Recent development, though, of a new liquid phase epitaxy ͑LPE͒ process for growth of narrow band gap IV-VI semiconductor alloys on low cost BaF 2 substrates 3 offers new opportunities to advance IV-VI semiconductor materials and device technologies. In this letter, we present infrared absorption and photoluminescence ͑PL͒ spectroscopic data for two IV Uniform liquid-to-solid segregation between the group IV components was assumed for the quaternary layer. This assumption is valid based upon Auger electron spectroscopy ͑AES͒ compositional analysis of IV-VI semiconductor quaternary alloys. 6 The ternary layer is lattice matched with the BaF 2 substrate (a 0 ϭ6.200 Å͒ while the quanternary layer (a 0 ϭ6.185 Å͒ has a lattice parameter mismatch of 0.25%.
Infrared absorption measurements were performed with a BioRad model FTS-60A Fourier transform infrared ͑FTIR͒ spectrometer using a variable temperature sample chamber equipped with KRS-5 windows. A Hg 1Ϫx Cd x Te detector with a cutoff wavelength of 14.3 m ͑87 meV͒ was used for all measurements. A sample placement geometry involving transmission through the substrate was allowed since the BaF 2 substrate is transparent to infrared radiation up to about 13 m ͑95 meV͒. PL measurements were performed with a specially designed long-wavelength spectrometer. The samples, mounted in a liquid-helium-cooled cryostat, were illuminated with the 514 nm line of an argon laser. Sample placement geometry involved transmission of epilayer generated photoluminescence through the BaF 2 substrate. This light, collected with a ZnSe lens, was passed through a set of circular variable filters ͑Optical Coating Laboratories, Inc.͒ spanning the 2.5-14.1 m spectral range and then focused with a second ZnSe lens on an arsenic-doped silicon-blocked impurity-band infrared detector with a 1-28 m spectral range. significant. The absorption peaks near 290 meV for the 300 and 200 K spectra are the P and R branches of the 2350 cm Ϫ1 3 vibrational mode of CO 2 , and the small absorption peaks between 180 and 230 meV for the 300 K spectrum are associated with the 1450-1850 cm Ϫ1 H 2 O absorption band. These peaks, which can be used to calibrate the spectra, are not evident at lower temperatures as the spectrometer was sufficiently purged during these measurements. Strong Fabry-Pérot interference fringes are also apparent at energies below the absorption edges. Epitaxial layer thickness was calculated from this fringe spacing using the equation tϭ 1 2 (m 1 Ϫm 2 )/2(n 1 2 Ϫn 2 1 ), where 1 and 2 are the wavelengths at the fringe maxima ͑or minima͒, m 1 and m 2 are integers corresponding to the orders of the fringes, and n 1 and n 2 are the refractive indices of the PbSe 0.78 Te 0.22 alloy at the two different wavelengths. Using linearly extrapolated refractive index values calculated from published PbSe and PbTe data, 8 an epilayer thickness of 2.18 m is obtained. Figure 2 shows absorption spectra at various temperatures for the quaternary alloy. Compared to the ternary alloy, the absorption edges are shifted to lower energies. Fabry-Pérot interference fringes are also clearly apparent in the spectra and, using extrapolated refractive indices from published Pb 0.95 Sn 0.05 Se and Pb 0.95 Sn 0.05 Te data, 8 their spacing yields a calculated epilayer thickness of 2.24 m. These thicknesses are in good agreement with physically measured thicknesses of LPE-grown layers having similar growth times of about 5 min. 3 PL spectra for the ternary and quaternary layers are shown in Fig. 3 . The sample temperatures during the measurements were 5 and 7.1 K and the Argon laser pump powers were 12 and 9.3 mW, respectively. The ternary layer exhibited strong luminescence with a peak intensity at 174 meV along with a weaker, more broad luminescence between 325 and 475 meV. The 174 meV peak energy in the ternary spectrum compares well with the 185 meV peak energy observed from a PbSe 0.80 Te 0.20 layer at 77 K grown by hot wall epitaxy ͑HWE͒ on ͑111͒ BaF 2 .
9 These peaks are clearly associated with direct interband transitions, the 11 meV difference due primarily to the band gap dependence on temperature. The higher energy peak in the ternary spectrum may be due to transitions associated with group VI vacancy defects levels in the conduction band. Our data suggest that these levels are approximately 200 meV above the bottom of the conduction band. The authors of Ref. 9 also observed weak higher energy PL peaks in their HWE samples, though the energy difference ͑at 77 K͒ was only 50 meV. The quaternary layer exhibited strong luminescence with a peak intensity at 100 meV, and, unlike the ternary sample, exhibited no other detectable luminescence. Figure 4 summarizes the FTIR and PL data where the FTIR absorption edge energies were obtained from the intersection of the square of the absorption slope with the lowest measured absorption between the interference fringes. This method, which assumes a parabolic band structure, has previously been used to obtain the band gaps of IV-VI semiconductor compounds. 10 FTIR absorption edge energy dependence on temperature above 100 K for the ternary alloy is similar to the band gap dependence on temperature for PbSe 0.80 Te 0.20 alloys grown by HWE based upon photovoltaic, 11 PL, 9 and optical absorption 12 studies. At low temperatures, however, the FTIR absorption edge energies stop decreasing with temperature, whereas the PL peak energy at 5 K is near the line extrapolated from the high temperature FTIR data and is in good agreement with the PbSe 0.80 Te 0.20 HWE data. A similar discrepancy exists for the quaternary alloy except that the difference between the FTIR absorption edge energy and the PL energy at 7 K is about 18 meV instead of about 40 meV for the ternary alloy.
Because of the large electron concentration in these LPE-grown semiconductors, 13 differences between the PL and FTIR absorption edge energies at low temperatures can be assigned to the Burstein-Moss effect.
14 If phononassisted interband transitions are neglected ͑likely at low temperatures͒ and symmetric valence and conduction bands are assumed ͑known to be the case for IV-VI semiconductors͒ the position of the Fermi energy in the conduction band can be estimated by dividing the amount of shift by a factor of 2. This yields values of 20 meV for the ternary alloy and 9 meV for the quaternary alloy. The smaller energy shift for the quaternary layer may be due to a smaller electron concentration in this material. Addition of tin in Pb 1Ϫx Sn x Se and Pb 1Ϫx Sn x Te alloys is known to shift the solid solubility limit of group VI vacancies toward the pseudobinary stoichiometry composition and at high enough concentrations converts the material to p type. 15 It is thus likely that the quaternary 16 The properties of quaternary active layers grown on PbSe 0.78 Te 0.22 should, in fact, be better since growth is possible at much lower temperatures ͑there is no need for an epitaxy-enabling substrate surface reaction 5 ͒. It is expected that the Burstein-Moss shift in such layers will decrease since lower growth temperatures will reduce the native electron concentration.
In summary, FTIR absorption spectra and PL spectra for ternary PbSe 0.78 Te 0.22 and quaternary Pb 0.95 Sn 0.05 Se 0.80 Te 0.20 layers grown by LPE on ͑100͒ BaF 2 substrates were presented. The FTIR data above 100 K show that the band gaps of these alloys increase with temperature at a rate of 0.46 meV/K, in good agreement with band gap measurements of other IV-VI semiconductor alloys. Observed Fabry-Pérot interference spacing also allowed accurate calculation of the epilayer thicknesses. Strong PL with low argon laser pump intensities were obtained from both layers indicating that these materials are suitable for laser fabrication. Differences between the low temperature FTIR absorption edge energies and the PL peak energies are believed to be result of the Burstein-Moss effect. This effect is less pronounced in the quaternary alloy.
